The Cockayne syndrome B protein (CSB) has long been known to be involved in the repair of DNA modifications that block the RNA polymerase in transcribed DNA sequences (transcription-coupled repair). Recent evidence suggests that it also has a more general role in the repair of oxidative DNA base modifications such as 7,8-dihydro-8-oxo-2 0 -deoxyguanosine (8-oxoG). In mammalian cells, 8-oxoG is a substrate of the repair glycosylase OGG1. Mice without this enzyme accumulate 8-oxoG in the genome and have elevated spontaneous mutation rates. To elucidate the role of CSB in the prevention of mutations by oxidative DNA base damage, we have generated mice that are deficient in Csb or Ogg1 or both genes and carry a non-transcribed bacterial lacI gene for mutation analysis (Big Blue mice). Our results indicate that the overall spontaneous mutation frequencies in the livers of Csb m/m / Ogg1 À/À -mice are elevated not only compared with heterozygous control mice (factor 3.3), but also with Ogg1 À/À -animals (factor 1.6). Sequence analysis revealed that the additional mutations caused by CSB deficiency in an Ogg1 À/À background are mostly G:C to T:A transversions and small deletions. For all mouse strains, the background levels of oxidative purine modifications in the livers correlate linearly with the numbers of G:C to T:A transversions observed. The data indicate that CSB is involved in the inhibition of mutations caused by spontaneous oxidative DNA base damage in a nontranscribed gene.
The Cockayne syndrome B protein (CSB) has long been known to be involved in the repair of DNA modifications that block the RNA polymerase in transcribed DNA sequences (transcription-coupled repair). Recent evidence suggests that it also has a more general role in the repair of oxidative DNA base modifications such as 7,8-dihydro-8-oxo-2 0 -deoxyguanosine (8-oxoG). In mammalian cells, 8-oxoG is a substrate of the repair glycosylase OGG1. Mice without this enzyme accumulate 8-oxoG in the genome and have elevated spontaneous mutation rates. To elucidate the role of CSB in the prevention of mutations by oxidative DNA base damage, we have generated mice that are deficient in Csb or Ogg1 or both genes and carry a non-transcribed bacterial lacI gene for mutation analysis (Big Blue mice). Our results indicate that the overall spontaneous mutation frequencies in the livers of Csb m/m / Ogg1 À/À -mice are elevated not only compared with heterozygous control mice (factor 3.3), but also with Ogg1 À/À -animals (factor 1.6). Sequence analysis revealed that the additional mutations caused by CSB deficiency in an Ogg1 À/À background are mostly G:C to T:A transversions and small deletions. For all mouse strains, the background levels of oxidative purine modifications in the livers correlate linearly with the numbers of G:C to T:A transversions observed. The data indicate that CSB is involved in the inhibition of mutations caused by spontaneous oxidative DNA base damage in a nontranscribed gene. Keywords: oxidative DNA damage; spontaneous mutations; DNA repair; OGG1 It is well known that reactive oxygen species (ROS), which are generated endogenously as by-products of the cellular oxygen metabolism, can cause a variety of oxidative DNA base modifications, among which 7,8-dihydro-8-oxo-2 0 -deoxyguanosine (8-oxoG) is one of the most prominent (Helbock et al., 1998; Marnett, 2000) . In consequence, basal (steady-state) levels of 8-oxoG are detectable in the genomic DNA of apparently all types of cells, although the absolute numbers of lesions determined by various techniques still differ considerably (ESCODD, 2002 (ESCODD, , 2003 . As 8-oxoG can pair either with cytosine or adenine during DNA replication, it is mutagenic, resulting in G:C to T:A transversions (Shibutani et al., 1991; Cheng et al., 1992; Bjelland and Seeberg, 2003) . This type of mutation occurs frequently in tumour suppressor genes of cancer cells (Hollstein et al., 1991) .
Oxidative purine modifications such as 8-oxoG are removed from the genome mainly by base excision repair (BER), which in eukaryotic cells is initiated by the glycosylase OGG1 (Radicella et al., 1997; Bruner et al., 2000) . In mice, defects of this enzyme not only lead to elevated basal levels of 8-oxoG but also increase the spontaneous mutation frequency (Klungland et al., 1999; Minowa et al., 2000; Osterod et al., 2001) . Interestingly, the repair of 8-oxoG is not completely abolished in OGG1-deficient cells, but only retarded (Klungland et al., 1999; Osterod et al., 2001) . Recently, we identified the Cockayne syndrome B (CSB) protein as a possible player in this back-up repair. In the livers of Csb m/m /Ogg1 À/À mice, the accumulation of 8-oxoG is much more pronounced than in Ogg1 À/À mice, whereas the basal levels of this type of lesion are not significantly affected in Csb m/m mice (Osterod et al., 2002) (The defect in the Csb gene of the mice used in this study (van der Horst et al., 1997) is indicated as Csb m/m rather than Csb À/À to indicate that Csb is severly truncated, but not completely missing). The increase cannot be explained by the well-established role of CSB in the transcriptioncoupled repair (TCR) of transcription-blocking DNA modifications (Mellon et al., 1986; van Hoffen et al., 1993; Svejstrup, 2002; Licht et al., 2003) .
In the present study, we assessed the role of CSB alone or in combination with OGG1 for the spontaneous mutation frequencies in the lacI gene of BigBlue mice (Provost and Short, 1994) . The results indicate that mutations in this non-transcribed gene increase linearly with the basal levels of oxidative purine modifications in the various mouse strains. In the livers of mice deficient in OGG1, an additional defect of CSB not only increases the number of G:C to T:A transversions, but also causes small deletions, indicating the activation of error-prone repair mechanisms.
In order to assess the role of CSB and OGG1 in the prevention of mutations derived from 8-oxoG and related oxidative base modifications, the following mouse strains, all carrying the bacterial lacI gene on chromosome 4 (BigBlue mice), were generated by breeding:
. All animals used for the study were obtained from the same breeding step to ensure maximum genetic homogeneity except for Ogg1 and Csb. Approximately 300 000 plaque forming units were analysed from multiple sample preparations.
The spontaneous mutation frequencies in the lacI gene observed in livers of mice aged 5 months are shown in Table 1 . The mutation frequencies of the heterozygous control mice are very similar to those reported previously for wild-type BigBlue mice (Young et al., 1995) . In agreement with previous results (Klungland et al., 1999) , the mutation frequencies were found to be significantly elevated (2.1-fold, P ¼ 0.053) in Ogg1 mice (2.4-fold; P ¼ 0.002). The overall spontaneous mutation rate in the Csb m/m /Ogg1 À/À mice was also 1.6-fold higher than in Ogg1 À/À mice (P ¼ 0.11). Moreover, the difference between these two strains is statistically more significant (P ¼ 0.048) if G:C to A:T transitions (ascribed to a deamination of methylated cytosines; see below) are excluded from the calculation. Similar results were obtained if only different and therefore definitely independent mutations are considered to exclude effects of clonal expansion.
In contrast to the genotype-dependent increase in the mutation frequencies in the livers, the mutation frequencies observed in the lungs were not significantly different (data not shown). The finding is surprising, as the incidence of spontaneous lung tumours was highly increased in Ogg1 À/À /Myh À/À mice, which are deficient in both OGG1 and the mismatch repair glycosylase MYH, which removes adenine from the DNA when mispaired with 8-oxoG (Xie et al., 2004) .
For all b-galactosidase-positive plaque-forming units, the entire lacI coding region was amplified by polymerase chain reaction and fully sequenced. Point mutations were detected in most of the phenotypically identified plaques. A summary of the mutation types observed in the four mouse strains is given in Table 2 , and the individual codon changes are listed for all mutations in Supplementary Appendix. G:C to A:T transitions were most frequent in all four strains, accounting for 41-57% of the mutations detected. Similar levels were reported previously for wild-type animals (Hill et al., 2004) . Between 80 and 100% of the G:C to A:T transitions were in a CpG sequence context, suggesting that they originated from the deamination of methylated cytosines, which are supposed to be frequent in a non-transcribed gene. Accordingly, the frequency was only moderately affected by the Ogg1 and Csb deficiency. In contrast, the frequency of G:C to T:A transversions, which is very low in the control mice, was strongly increased in the repair-deficient mice, namely calculated as 4.2-fold in Csb m/m (P ¼ 0.229), 7-fold in Ogg1 À/À (P ¼ 0.053) and 11-fold in Csb m/m /Ogg1 À/À mice (P ¼ 0.005). All other mutation types were not affected by the repair deficiencies, except for deletions, which were strongly elevated in Csb m/m /Ogg1 À/À mice (accounting for 16% of all mutations), but absent or very rare in all other strains. The majority of the deletions were small (1-4 bp) and at positions that are not related to known mutational hotspots (Halangoda et al., 2001) . animals positive for lacI. Tail biopsies and allele-specific primers were used to identify the genotypes by polymerase chain reaction (PCR) and to screen for the presence of the lacI transgene, as described previously (Klungland et al., 1999; Osterod et al., 2002) . b Mutations in the lacI gene were quantified according to the manufacturer's protocol (Nishino et al., 1996; Heinmoller et al., 2000) . Two animals of each genotype were killed at the age of 5 months, organs removed, quick-frozen in liquid nitrogen and stored at À701C until further use. High-molecular-weight DNA containing the E. coli lacI gene as a target for mutagenesis (Kohler et al., 1991) was isolated from the livers with a RecoverEase DNA isolation kit (Stratagene). The lacI gene was then rescued from DNA via in vitro packaging into bacteriophages of whom up to 30 000 (Heinmoller et al., 2000) were plated overnight with E. coli in the presence of X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside). Colour control mutants (CM0, CM1, CM2 and CM3) with different colour intensities were plated in parallel as an internal control. Blue mutant plaques were scored and purified by replating at low densities. c Mutation frequencies were calculated by dividing the number of mutants by the number of totally screened plaqueforming units (pfu).
Genomic instability caused by CSB deficiency C Trapp et al
In order to estimate the mutagenic potential of the oxidative base modifications repaired by mechanisms depending on OGG1 and CSB, the mutation frequencies determined in this study were correlated with the basal (steady-state) levels of oxidative purine modifications in the livers of the repair-deficient and -proficient mice strains. These levels have been determined in previous studies by means of an alkaline elution assay in combination with Fpg as a probe, the bacterial functional homologue of OGG1. The results (Figure 1) indicate that there is a strong correlation between basal levels of oxidative purine modifications in the livers of 5-month-old mice (expressed as Fpg-sensitive sites/10 6 bp) both with the total frequency of mutations in the lacI gene (R 2 ¼ 0.948) and with the frequency of G:C to T:A transversions (R 2 ¼ 0.868). For the plot in Figure 1 , the levels of Fpg-sensitive modifications were calculated for the age of 5 months by linear regression analysis from age-dependent data measured in homozygous mice ( (Osterod et al., 2002) supplemented with additional, more recently measured data points from 13 wild-type and 6 Csb m/m /Ogg1 À/À mice, which were in complete agreement with the published data). The levels observed in heterozygous animals (Ogg1
) did not differ significantly from those in the wild-type animals. Thus, only 0.2070.04 Fpg-sensitive modifications were observed in two Ogg1
þ /m mice aged 20 months, which is very similar to the level of 0.235 Fpg-sensitive sites determined for this age from the regression line for wild-type animals.
Taken together, the results presented indicate that CSB protein plays a role in the prevention of mutations caused by endogenously generated oxidative DNA base damage in a non-transcribed locus in vivo. The role of CSB in the repair of oxidative DNA damage thus apparently extends to the global genome, that is, it is not restricted to transcription-coupled repair.
The increase in spontaneous mutations caused by CSB deficiency alone is much smaller than that caused by OGG1 deficiency, in support of the notion that BER initiated by OGG1 and possibly other glycosylases constitute the first line of defence against oxidative base damage in wild-type animals (Table 1) . No increase in the mutation frequency compared with wild-type mice Correlation of the basal (background) levels of oxidative purine modifications sensitive to the repair glycosylase Fpg with the mutation frequencies in the lacI gene in the livers of various mouse strains at the age of 5 months. The background levels of Fpg-sensitive sites indicated on the abscissa were calculated by linear regression from previously published age-dependent data (Osterod et al., 2002) and plotted against (a) the total mutation frequencies and (b) the frequencies of G:C to T:A transversions indicated in Table 2 . Means of data obtained with two livers (7s.d.) are indicated. Mutation types were assessed by amplification of the entire 1.2-kb lacI gene by PCR using PFU Turbo DNA polymerase (Stratagene) and the primers LACI #1A: 5 0 -GCGTCGATTTTTGTGATGCT-3 0 and primer LACI rev: 5 0 -CGTAATCATGGT CATAGCTGTT-3 0 . After purification of the PCR products with a GFX PCR DNA and gel purification kit (GE Healthcare, Bucks, UK), the samples were sequenced using the following primers: Lac-1:
No., the number of X-Gal-positive plaque-forming units.
Genomic instability caused by CSB deficiency C Trapp et al was also recently reported for a transgenic lacZ gene in Csb m/m mice (Dolle et al., 2006) . The simultaneous deficiency of both OGG1 and CSB in Csb m/m /Ogg1 À/À mice, however, leads to elevated spontaneous mutation frequencies in comparison to both single repair-deficient strains. Interestingly, an increase is observed not only for G:C to T:A transversions, which most probably result from the mispairing of 8-oxoG with adenine during replication (Moriya, 1993) , but also mostly for small deletions, which are very rare in both Csb m/m and Ogg1 À/À single repair-deficient animals ( Table 2 ). This is an indication that both CSB and OGG1 are involved in error-free repair mechanisms, whereas the bypass or repair attempts in the absence of both proteins are errorprone and result in deletions.
The mechanism by which CSB is involved in the global repair of 8-oxoG, in particular in the absence of OGG1, is not yet known. Previous studies revealed that the role of CSB depends on a functional activity of poly(ADP-ribose) polymerase 1 (PARP1), an enzyme involved in the post-translational modification of histones and other target proteins (Flohr et al., 2003) .
The linear correlation between the basal levels of Fpg-sensitive modifications and the mutation rates ( Figure 1a ) allows an estimation of the mutagenic potential of the Fpg-sensitive oxidative modifications, which accumulate in the absence of OGG1 and CSB. Less than 0.2 additional lesions per 10 6 bp already double the overall spontaneous mutation frequency. In other words, all other spontaneously generated modifications and replication errors together are either less frequent or have a lower intrinsic mutagenic potential in the lacI locus analysed. As this estimation is based on additional DNA modifications determined in the repair-deficient mice, an overestimation of the basal DNA damage owing to artefactual oxidation of the cellular DNA during isolation, which has been recognized as a major problem in particular of chromatographic quantification methods (Pflaum et al., 1997; Helbock et al., 1998; ESCODD, 2003) , would have no influence. However, other error sources regarding the absolute quantification of the basal levels of oxidative base by enzymatic methods cannot be ruled out, as discussed previously (Pflaum et al., 1997) . It should also be noted that most of the mutations observed in the livers are probably generated during early stages of the development, when the cell proliferation is high. Because of the observed age dependence, the basal level of Fpg-sensitive modifications at these early time points is probably much lower than at the time at which the mutations were quantified. Therefore, the absolute level of oxidative base damage responsible for the increase in the spontaneous mutation frequency is likely to be even lower. At the same time, the low proliferation rate in the adult liver appears to prevent a high spontaneous cancer incidence in the repair-deficient mice, which, however, becomes evident if the cell turnover in the liver is stimulated by a peroxysome proliferator (unpublished results).
The results confirm the high relevance of endogenously generated spontaneous base damage, in particular of 8-oxoG, as a challenge for the integrity of the genome. In addition, they demonstrate that a CSBdependent repair pathway is able to efficiently prevent spontaneous mutations most probably resulting from 8-oxoG, in particular if the repair by OGG1 is hampered.
